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ABSTRACT
Articular cartilage covers the ends of synovial joints and its
function is to distribute loads between opposing bones and
provide almost nonfrictional sliding properties for joints. It is
comprised of cells (chondrocytes) embedded in an extracellular
matrix (ECM) containing mainly collagen, proteoglycans (PGs)
and interstitial fluid. Chondrocytes are responsible for the
production of ECM macromolecules and thus, for maintaining
the integrity of the ECM. Alterations in cell biomechanics might
lead to changes in cell biosynthesis and viability.
Degeneration of cartilage in osteoarthritis (OA) results in
dysfunction and severe pain in joints. Although the onset and
progression of OA have been studied extensively, it is still not
known whether the structural changes related to cartilage
degeneration occur concurrently with changes in chondrocyte
biomechanics. More specifically, it is unclear how the integrity
of the cartilage matrix, the alterations in the amount of cartilage
macromolecules, and the changes related to cartilage structure
and composition in early OA, are interconnected to changes in
chondrocyte behavior. Also the detailed explanations behind the
observed phenomena remain unknown.
In this thesis, the effects of the structure and composition of
the ECM and pericellular matrices (PCM) on chondrocyte
biomechanics were studied. Three-dimensional fluorescence
microscopy was used in order to analyze changes occurring in
chondrocyte  volume  and  morphology  in  bovine  and  rabbit
cartilages before and after osmotic and mechanical loading. The
effects of sample integrity, collagen degradation, and
degeneration of cartilage in early OA on chondrocyte behavior
were examined in detail. Collagen content, collagen orientation
angle, and PG content were analyzed with Fourier transform
infrared microspectroscopy, polarized light microscopy and
digital densitometry, respectively. Computational modeling was
utilized in order to identify the underlying mechanisms behind
the observed phenomena.
Chondrocyte volume and morphology following osmotic and
mechanical loading were found to be dependent on the
structure and integrity of the ECM and PCM. Cells in both intact
and explant cartilages swelled in response to hypotonic loading,
but volume recovery was only present in cartilage explants
where sample integrity was compromised. Chondrocytes in
enzymatically degraded cartilage, where the amount of collagen
was reduced and the collagen network was severely fibrillated,
were also found to recover back to the original, unchallenged
volume. In a rabbit model of early OA, chondrocytes under
mechanical loading increased in volume, whereas cell volumes
in the contralateral joint cartilage decreased. Detailed structural
and finite element analyses revealed that the decrease in the
amount of fixed charge density (FCD) of the tissue and PCM,
and the orientation and stiffness of the collagen fibers in the
ECM explained the changed cell volumetric behavior in early
experimentally-induced OA.
To conclude, biomechanical responses of chondrocytes in
osmotically and mechanically loaded cartilage were greatly
affected by their mechanical environment. Tissue integrity,
decrease in collagen content, and collagen network fibrillation
altered cell volumetric behavior following osmotic loading. The
loss of  FCD in the PCM, and fibrillation of  the superficial  ECM
in the very early stage of experimentally-induced OA explained
the cell volume increase following mechanical loading of
cartilage. Changes in cell biomechanics have earlier been found
to be related to altered cell biosynthesis and impaired cell
viability; all of which may lead to further changes in cartilage
structure and accelerate the cartilage degeneration. Thus, it is of
great importance to understand chondrocyte behavior in situ/in
vivo in order to devise strategies to slow down, stop or even
reverse the development of OA.
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1  Introduction
Articular cartilage is needed in order to maintain the
functionality of synovial joints [1-3]. It covers the ends of
articulating bones, and is composed of the extracellular matrix
(ECM), and chondrocytes [4]. The main components in the ECM
are the collagen network, proteoglycans (PGs) and interstitial
fluid [1, 3, 4]. Articular cartilage is subjected to various types of
mechanical loads during daily activities. The main functions of
cartilage are to 1) act as a distributor of the load on to
underlying bone, 2) absorb mechanical energy during
movements, and 3) provide near-frictionless sliding between
articulating surfaces [1-6]. Cartilage degeneration in
osteoarthritis (OA), leads to reduced capability of the tissue to
withstand loads resulting in an impaired functionality of the
joint, as well as joint pain [2, 7, 8].
Chondrocytes in cartilage are responsible for producing and
maintaining the ECM [1, 2, 9]. In addition to genetic and
environmental factors, proper mechanical stimulation of
chondrocytes and their normal functioning ensures a balanced
synthesis of the ECM, and thus, this maintains an appropriate
structure  and  composition  for  sustainable  functioning  of
cartilage [10-15]. Although cartilage degeneration in OA has
been widely studied and the accompanying structural and
compositional changes are comprehensively known, especially
in the advanced stage of the disease, less is known about the
concurrent changes taking place in the biomechanical responses
of chondrocytes. In particular, the mechanisms at the cellular
level  in  early  OA  still  remain  unknown.  A  profound
understanding of chondrocyte biomechanics and its relation to
cartilage structure would provide a more detailed
understanding of the processes involved in cartilage
degeneration during OA.
Siru Turunen: Osmotic and mechanical loading of chondrocytes in situ
2 Dissertations in Forestry and Natural Sciences No 103
This thesis evaluated the effect of the ECM and pericellular
matrix (PCM) properties on chondrocyte biomechanics by
applying fluorescence microscopy with the tissue under osmotic
and mechanical loading. More specifically, the effects of the
sample integrity, enzymatic degradation of collagen, and
structural and compositional changes in early experimentally-
induced OA on chondrocyte volume and morphology were
studied. The structure and composition of the samples were
analyzed with quantitative microscopy and spectroscopy. In
addition, finite element (FE) modeling was used for revealing
the specific phenomena behind the observed changes. The
results of this study will improve the understanding of the
interrelationship between the structure of cartilage and
chondrocyte biomechanics. Importantly, this will deepen the
knowledge of the changes in cell behavior during cartilage
degeneration, which is crucial in order to be able to prevent,
slow down or reverse the progression of OA.
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2  Structure and function
of articular cartilage
Articular cartilage is a thin, hydrated soft tissue covering the
ends of diarthrodial joints [1, 2]. It provides low-friction gliding
properties and distributes loads applied to the joints [1, 2].
Cartilage is an avascular and aneural tissue with a complex,
highly organized structure, giving cartilage its unique
properties [1, 3, 4]. This chapter reviews the structure,
composition, and mechanical properties of healthy articular
cartilage. In addition, the structural and compositional changes
in OA are also examined with special attention to changes in
cartilage tissue.
2.1 EXTRACELLULAR MATRIX
Articular cartilage structure is highly organized and it varies
depending on the tissue depth and on the anatomical site [3, 4].
The ECM of articular cartilage contains mainly collagen, PGs,
and interstitial fluid [1, 3, 4]. Cells (chondrocytes), that occupy
only 1-10 % of the tissue volume (depending on the species), are
responsible for synthesizing, organizing, and the maintenance of
the matrix macromolecules [3, 4, 16].
Cartilage structure can be divided into three different zones
based on the cell morphology and structure of the ECM [1, 4, 16].
The relative thicknesses of each zone depend on the species, the
anatomical site and the age of the subject: 1) superficial zone (3-
24 %), 2) middle zone (1-40 %), 3) deep zone (50-94 %) [16-23].
The structure and composition of these zones, and the
interaction between the ECM and interstitial fluid gives cartilage
its functional properties [1-3, 6].
Siru Turunen: Osmotic and mechanical loading of chondrocytes in situ
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2.1.1 Collagen
Collagens comprise 50-80 % of the dry weight and 10-22 % of
the wet weight of cartilage [1, 6, 24]. Over six different types of
collagen molecules (III, VI, IX, X, XI, XII, XIV) can be found in
mature articular cartilage [24], but the principal form is type II
collagen (90-95%) [1, 3, 6, 24, 25].
Collagen molecules have a triple helix structure consisting of
three polypeptide chains (-chains), each coiled into a left-
handed helix, which are further wrapped around each other into
a right handed, super-helix [1-3, 6, 25]. The crosslinks between
the -chains and the collagen super-helix provide strength and
high tensile stiffness to the tissue [1].
The amount of collagen varies as a function of depth of
cartilage e.g. depending on the species, anatomical site and the
age of the subject [23, 24, 26]. Collagen molecules form a fiber-
like structure, where collagen fibrils are organized in densely
packed fibers forming a network in cartilage [1, 25]. In the
superficial zone, collagen fibers are oriented in parallel to the
surface [3, 24, 26]. They give high tensile strength and stiffness
for the superficial zone cartilage, and also resist shear stresses [1,
3]. In the middle zone, the collagen fibers start bending, and in
the deep zone they are organized completely perpendicular to
the surface [6]. Collagen fibrils anchor themselves into calcified
matrix in the calcified zone [6].
Collagen has many different ways to affect the mechanical
properties of cartilage. First, the collagen network provides
cartilage with its tensile properties. The tensile stiffness of the
tissue is dependent on the integrity of the collagen fibril
network, the depth from the cartilage surface and the
orientation of the collagen fibrils [27-31]. Second, the structure
and integrity of the collagen network contributes significantly to
the dynamic compressive properties of cartilage [31, 32].
However, the network itself is fairly weak in compression
because of the high slenderness ratio, and thus, the collagen
fibers alone have less effect on the compressive stiffness of
cartilage [33]. Instead, the collagen network acts as a cage for the
PGs in cartilage, resisting the swelling pressure caused by the
Structure and function of articular cartilage
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negative fixed charges. Thus, the collagen network also limits
the hydration of cartilage and ensures that there is a high PG
concentration inside the tissue [33, 34].
2.1.2 Proteoglycans
Proteoglycans occupy approximately 4-10 % of the wet weight
of cartilage [1, 6]. The core of these macromolecules are proteins,
to which glycosaminoglycan (GAG) chains (chondroitin sulfate
and keratan sulfate) are covalently attached [1, 3, 6, 35, 36]. Since
GAG chains are negatively charged, they repel other negatively
charged molecules and attract cations and water [1, 3]. The
majority (90 %) of PG aggrecans form large PG aggregates in
cartilage,  where  PG  aggrecans  are  bound  to  a  long
monofilament chain of hyaluronan with the help of link proteins
[1, 3, 36]. These large aggregates are anchored inside the ECM
by the collagen network. Similarly to collagen, the amount of PG
varies as a function of the depth of the cartilage, depending on
the species, site and the age of the subject [37, 38].
The interaction of PGs, interstitial fluid and ions in cartilage
creates a swelling pressure, which has a major impact on the
mechanical properties of cartilage [1, 6, 36]. The difference in the
ion concentration between the ECM and the synovial fluid
creates a fluid pressure difference between these sites, called
Donnan osmotic pressure [33, 39]. The total swelling pressure is
a sum of the Donnan osmotic pressure and chemical expansion
stress. Chemical expansion, on the other hand, results from the
PG aggregates, which contain negatively charged groups in
their subunits [6, 35]. When these ions interact with each other,
they create repulsive forces and this leads to a tendency of
expanding [6, 35, 36]. In equilibrium, the total swelling pressure
is counteracted by the tensile strength of the collagen network [2,
3, 33].  PGs also contribute to the compressive viscoelastic
properties of cartilage by maintaining the balance between the
applied pressure, osmotic pressure inside the tissue, and fluid
flow [39-42].
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2.1.3 Interstitial fluid
Around 60-85 % of cartilage wet weight is fluid and its
interaction with collagens and PGs greatly influences the
mechanical properties of cartilage [1, 3, 6]. Interstitial fluid is
mainly water containing gases, proteins, metabolites, and
cations, which balance the negative charges of PGs [3, 33, 43].
The  majority  of  the  fluid  is  in  the  solution  domain  of  the  PGs,
and  the  rest  is  either  bound  to  collagen  fibers  or  is  inside  the
chondrocytes [1, 33].
One of the roles of interstitial fluid flow through cartilage
matrix is to be the provider of nutrients [33, 44]. Furthermore,
the hydration of cartilage and fluid flow are one of the major
factors affecting cartilage mechanical properties under dynamic
and static loading [39, 40, 45]. This is because the rate at which
the interstitial fluid flows through the ECM defines the
nonlinear behavior of cartilage [33, 39, 45]. This phenomenon is
dependent on the osmotic pressure created by the PGs and the
permeability of the tissue [39, 40, 45]. More specifically, when in
contact with aqueous solutions, the negatively charged groups
of  PGs  (fixed  charge  density,  FCD)  imbibe  fluid  until  the
resulting hydrostatic pressure balances the resisting stresses
created by the collagen network and external loads [2, 33, 46].
Thus, the amount of the fluid is dependent on the PG and
collagen contents, and on the relationship between the external
load and the swelling pressure of the tissue [2, 33, 46]. An
equilibrium state is reached when the swelling pressure (the
relative amount of PGs) is in balance with external stress and
fluid flow has ceased [46]. In addition, interstitial fluid
pressurization contributes greatly to the dynamic stiffness of
cartilage [47].
2.2 CHONDROCYTES
The cell density in articular cartilage is very low compared to
other soft tissues varying between 1-10 % of the cartilage
volume depending on the species and the age of the subject [3,
Structure and function of articular cartilage
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48]. Therefore tissue matrix is responsible for the mechanical
properties of cartilage under compression, while the role of the
chondrocytes is to produce and maintain the structure and
composition of the matrix [1, 3, 9, 15].
Chondrocyte size, shape and density vary between different
cartilage zones [3, 9, 16, 49]. Superficial zone chondrocytes are
flattened, have an ellipsoidal shape with their major axes
parallel to the surface. In the middle zone, the cells are rounded
in shape and usually dispersed singly or in small groups. In the
deep zone, chondrocytes are usually grouped in columns
perpendicular to the surface, and the cell shape is either
rounded or column-like.
The cytoskeleton of a chondrocyte comprises of proteins such
as actin, vimentin and tubulin [50], which work together
dynamically, and are arranged into microfilaments,
intermediate filaments and microtubules, respectively. The
biomechanical properties of chondrocytes are affected by the
cytoskeleton [50, 51]. The behavior of a chondrocyte has been
shown to be viscoelastic [50, 52, 53], and specifically the
microfilaments and intermediate filaments in addition to fluid-
solid interactions and fluid viscoelasticity are predominantly
responsible for determining these properties [50]. The
cytoskeleton of the chondrocytes and ECM are connected
through integrins [54]. Inside the cell, the integrins are attached
to the actin microfilaments [55].
The chondrocyte membrane is surrounded by a PCM
consisting of a collagen fibril shell (types II, VI and IX),
relatively high concentration of PGs, and fluid [3, 16, 56-64].
Chondrocyte and PCM together form a chondron [16]. The PCM
absorbs and transduces mechanical loads and provides
hydrodynamic protection to chondrocytes. It also regulates
biomechanical, biophysical and biochemical interactions
between the cell and the ECM [65-69].
The metabolic activity of chondrocytes is highly dependent
on the environmental factors and mechanical forces experienced
by the cells, and those will affect the maintenance of the
cartilage. The loading frequency and magnitude of loading are
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two important factors affecting the chondrocyte activity [11-15].
An increase or a decrease in matrix synthesis has been observed,
depending on the duration and magnitude of the load [12-14, 70,
71] and the mechanical environment of the cells [72]. In addition,
the shape of the cells has been found to have an effect on
chondrocyte biochemical activity [73-75].
2.3 OSTEOARTHRITIS (OA)
Osteoarthritis is the most common degenerative joint disease in
older people evoking pain, stiffness, and loss of mobility,
consequently decreasing the quality of life [2, 76-78]. The
etiology of OA is still unknown but epidemiological risk factors
for primary OA are well known; these include systemic (e.g.,
age, gender, genetics) and local factors (e.g., obesity, joint
injuries) [79, 80]. Primary OA is the most common type of OA in
humans, whereas post-traumatic or secondary OA is typically a
consequence of a joint injury.
In OA, inadequate repair results in a gradual loss of articular
cartilage accompanied by thickening of the subchondral bone
and formation of osteophytes [2, 7]. The first signs include
cartilage hydration and swelling [81-84], fibrillation of the
collagen network and reduced PG content [8, 81-86]. At later
stages of OA, the fibrillation becomes more profound, the PG
depletion reaches the deep zone, the thickness of the cartilage
diminishes, the tissue becomes hypocellular and the integrity of
collagen network decreases [8, 85, 87].
Collagen fibrillation in the superficial cartilage is one of the
specific features of early cartilage degeneration in OA [85, 87,
88]. In addition, the diameter of the collagen fibers becomes
smaller [85]. The degeneration of collagen network enables the
PGs to escape the cartilage matrix, and this leads to a reduction
in the matrix stiffness and a diminished ability to withstand
compressive loads [89, 90]. Collagen degradation also affects the
expelling  of  the  fluid  out  from the  matrix  during  compression,
and it affects the remaining hydration level, which is related to
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contact stresses, and further possible damage to the underlying
bone [89-91].
Even  a  small  change  in  the  amount  of  PGs  in  the  tissue
results in changes in the cartilage mechanical properties [39, 90,
92]. However, even before any changes in the amount of PGs
can be detected, PGs become more easily extractable at least in
experimental OA [81]. This is a sign of a loosening of the PG-
collagen interaction. The relative amount of PGs in aggregate
form also decreases [81, 90, 93, 94] and this further affects the
mechanical properties of cartilage, since it has been found that
PG aggregates are more viscous and have a higher shear
modulus compared to PG subunits [93]. In the later stages of OA,
the amount of PGs decreases also in the deep zone [85].
Since cartilage tissue is not innervated by nerves, the
symptoms of OA are not due to the damage in cartilage tissue
itself but due to related phenomena in the adjacent tissues [1, 3,
4, 95]. This is one of the reasons why OA diagnosis is usually
made too late, i.e., when cartilage is already severely
degenerated. Currently OA is diagnosed by a clinical
examination, and often confirmed with X-ray imaging, magnetic
resonance imaging or arthroscopy [78].
Although  OA  has  been  widely  studied  in  the  past,  the
changes in cell biomechanics in the early stages of the disease
and the effect of cartilage degeneration on the cells still remain
unclear. If it were possible to clarify the phenomena that occur
during articular cartilage degeneration in both cell and tissue
levels then novel insights could be gained into the processes
underlying in this disease. In the future, this might help in the
fight against the progression of OA, or even in preventing the
disease.
Siru Turunen: Osmotic and mechanical loading of chondrocytes in situ
10 Dissertations in Forestry and Natural Sciences No 103
Dissertations in Forestry and Natural Sciences No 103 11
3Cell-tissue interactions in
articular cartilage
3.1 CARTILAGE RESPONSE TO OSMOTIC AND MECHANICAL
LOAD
The response of articular cartilage to osmotic and mechanical
loads depends on the cartilage structure and composition [32, 92,
96-101]. When articular cartilage is mechanically compressed,
the interstitial fluid is released into the junction gap of the joint,
the tissue becomes dehydrated and there are changes in the
osmotic environment in the ECM [15, 39, 102]. The decreasing
hydration results in denser packing of PGs and collagen. When
the load is removed, the water is imbibed back into the ECM
and the osmolarity subsequently decreases. Degradation of
matrix  molecules  during  the  progression  of  OA  has  also  been
reported to result in decreased osmolarity of cartilage [82]. Thus,
chondrocytes are exposed to a changing osmotic environment
during  mechanical  compression  and  also  in  conditions  of
cartilage degeneration, and these changes can be simulated with
osmotic loading [40, 103, 104]. In this chapter, osmotic and
mechanical behavior of cartilage and chondrocytes are
discussed in detail.
3.1.1 Osmotic swelling and chemical expansion
The swelling pressure of articular cartilage is attributable to the
fixed negative charges of PGs due to two different mechanisms.
Since the PGs in articular cartilage contain negative charges,
positive counter-ions must be present in order for the tissue to
be electronically neutral [39, 105]. However, when there is an
imbalance between the internal ionic strength of cartilage tissue
and the external bath, a swelling pressure is created. This leads
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to diffusion of ions and fluid flow until an equilibrium is
reached. This phenomenon can be described with the Donnan
swelling pressure [39, 106]:
extint   , (1)
where int and ext are the internal and external osmotic
pressures. The same osmotic swelling pressure gradient can be
expressed also with the following equation [107]:
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where int and ext are internal and external osmotic coefficients,
int and ext internal and external activity coefficients, cext the
external salt concentration, cF the FCD, R the gas constant, and T
the absolute temperature.
The molecular interactions inside the cartilage tissue also
contribute to the tissue swelling through a chemical expansion
stress [6, 35, 36]. The negative charges of the PGs create a
repulsive force and the chemical expansion stress can be
described with the following equation [108]:
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where a0 and 
 are material constants and c- the concentration of
mobile anions.
3.1.2 Dynamic and static behavior of cartilage
Because of the complex structure of cartilage, the compression of
cartilage results in inhomogeneous deformation within the
tissue depending on the site and tissue depth [31, 92, 99, 101,
109]. In addition, the loading rate and mode affect the response
of cartilage [31, 96].
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Under dynamic mechanical load, where the load is applied
rapidly, the fluid inside the matrix has no time to flow through
the matrix. The tissue can then be considered as being
incompressible and a high fluid pressure is created inside the
cartilage [1]. A rapid change in the shape occurs and there is a
re-arrangement of the collagen network without any alterations
in the tissue volume [31, 110, 111]. The collagen network resists
the change in shape and is, therefore, the main solid component
contributing to the cartilage dynamic response [27, 31, 92, 110].
In mathematical form, when the collagen fibrils are assumed
to resist only tension, the fibril stress has earlier been defined to
be either elastic or viscoelastic. The elastic fibril stress can be
described as:
f = Eff, f > 0 (4)
f = 0, f  0
where Ef is the fibril network modulus and f the fibril strain.
Formulas for the strain-dependent fibril network modulus and
viscous properties of the collagen fibrils have also been
presented [112-115]. In some studies, the collagen fibrils have
been separated into the organized, primary fibrils and
unorganized, secondary fibrils. The primary and secondary
fibril stresses, respectively, are defined as follows:
f,pri = c,totf (5)
f,sec = c,totf (6)
where C is the density ratio between the primary and secondary
fibrils [116] and c,tot is the fibril density [112].
In conditions of long term static mechanical compression, the
interstitial fluid is squeezed out of the ECM, resulting in a large
deformation of the tissue under creep loading [1, 39]. During
loading, the rate of the fluid flow decreases and finally the tissue
reaches equilibrium. Then the fluid flow has ceased, tissue
deformation is constant and the applied load is being balanced
by the FCD of the PGs and collagen tension [1, 33, 117]. The
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nonfibrillar matrix with osmotic swelling and chemical
expansion (contribution of PGs) primarily controls the cartilage
response at equilibrium. The nonfibrillar phase of the matrix has
been typically modeled as a linear Hookean poroelastic or a
nonlinear Neo-Hookean porohyperelastic material. The stress of
the Neo-Hookean material can be defined as follows [112, 116]:
)J(
J
G
J
ln(J)K 2/3Tm IFFI  , (7)
where K and G are bulk and shear moduli, J is the determinant
of the deformation gradient tensor F and I is the unit tensor.
The permeability of the tissue is dependent on the tissue
porosity and void-ratio (ratio of fluid to solid content [118, 119]),
and it can be described as:
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where k0 and e0 are the initial permeability and void ratio, e the
void ratio after compression, and M a positive constant
describing the depth-dependency of permeability.
Considering the swelling properties (3.1.1) and the fibrillar
and nonfibrillar phases, the total stress inside the tissue can then
be defined as follows:



ftot
1i
fcm
i
ft μT III , (9)
where fi is the stress of the individual fibrils [112], tot f the
amount of fibrils and μf the electrochemical potential of
interstitial fluid [108, 120].
Cell-tissue interactions in articular cartilage
Dissertations in Forestry and Natural Sciences No 103       15
3.2 CHONDROCYTE RESPONSE TO OSMOTIC AND
MECHANICAL LOAD
When articular cartilage is mechanically compressed,
chondrocytes within the tissue are subjected to a complex
environment with time-varying changes [15, 15, 39, 102, 121,
122]. The stress, strain, osmotic pressure, fluid-flow, fluid-
pressure and electric fields affecting chondrocytes change both
spatially and as a function of time. Cartilage deformation under
compressive mechanical load results in deformation and volume
changes in the chondrocytes [21, 109, 122, 123], which should be
directly affected by cartilage tissue properties as described by
equations 1-9.
Chondrocyte volume regulation is vital for the functional
ability of these cells [124, 125]. Volume regulation of
chondrocytes occurs in various situations; chondrocyte volume
is increased with aging and exercise, chondrocytes shrink
during apoptosis, compressive loads flatten cells and this
necessitates membrane stretch after which the volume is actively
reduced [124, 126]. It is still unclear what kind of role that the
chondrocytes exert in the degeneration of cartilage, but the
changes in the volume regulatory processes could be one of the
contributing factors.  Furthermore, it remains unknown whether
the changes in the volume regulation mechanisms occur
concurrently with the cartilage degeneration, or whether they
result from this process.
The increase in cell volume under hypotonic condition is
based on the permeability of the cell membrane to water, and a
passive uptake of water with osmosis through aquaporin
channels [124, 126, 127]. Thereafter an active regulatory volume
decrease (RVD) takes place, where solutes are released from
cells, facilitating an osmotic efflux of water and thus, volume
recovery [125, 128].
Live chondrocytes in both osmotic and mechanical loading
tests are commonly visualized with fluorescence microscopy
[129-135], but also stereological studies from tissues fixed
histologically after mechanical compression have been utilized
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[10, 21, 72, 123]. The majority of the studies have used tissue
explants or isolated chondrocytes [129-132]. There are also
studies where chondrocytes are left in their native environment
[133-135]. Nonetheless, there is a controversy about whether the
tissue preparation/integrity or the structure and composition of
the ECM/PCM affect chondrocyte deformation behavior under
osmotic and mechanical loading.
3.2.1  Isolated cells
When the response of isolated cells to osmotic loading is
studied, the cells are commonly placed on coverslips and a
liquid with a known osmolarity is used as the medium.
Hypotonic loading of isolated cells has resulted in an increase in
the cell volume [136], followed by a RVD where the original
volume is finally reached [129, 131, 137]. It has been proposed
that isolated chondrocytes behave as perfect osmometers and
that the ECM has no effect on the chondrocyte response to
osmotic loading [132].
The response of isolated cells to mechanical loading has been
widely studied using isolated cells e.g. in agarose gels [138-140].
The volume of isolated cells under static compression was found
to decrease and cell shape became more flattened [138, 140, 141].
Interestingly, when ECM formation was stimulated during the
cell culturing, there was a significant decline in the deformation
of the cells under static loading [141]. In addition, the recovery
from the deformation took significantly longer when matrix
accumulation was induced [141]. The mechanical properties of
isolated cells have also been estimated with unconfined
compression, micropipette aspiration and nanoindentation [122,
142-144].
3.2.2  Cells in cartilage explants
The chondrocyte response to osmotic loading has been
frequently studied using cartilage explants with subchondral
bone attached [131, 132]. Thin slices of cartilage are usually cut
perpendicularly to the cartilage surface and chondrocytes in
different layers can then be studied three-dimensionally (3D) e.g.
Cell-tissue interactions in articular cartilage
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with fluorescence microscopy. Similarly to situation in isolated
cells, chondrocytes in cartilage explants have been shown to
initially increase their volume [132] and thereafter return to the
original levels [131]. The rate of RVD after hypotonic challenge
using cartilage explants has been shown to be independent of
the level of the loading and the cartilage layer studied [131].
However, cell behavior without a clear RVD in cartilage
explants has also been detected [145]. In addition, the level of
cartilage degeneration has been found to affect chondrocyte
swelling after osmotic loading, i.e., the maximum swelling of
isolated cells and cells in degenerated cartilage explants was
greater than that of cells in nondegenerated cartilage explants
[129].
Mechanical loading of cells in cartilage explants is a common
way to study chondrocyte mechanobiology. Chondrocytes in
full-depth disks, plugs or slices of articular cartilage have been
found to become flattened after static mechanical compression
of the cartilage tissue, i.e., the aspect ratio of the cells is
significantly reduced [10, 21, 72, 146]. After removing the
compression, the chondrocytes have been found to recover back
to their original volume and morphology [146]. Experimental
dynamic loading in combination with FE modeling of cartilage
plugs  has  also  been  shown  to  deform  the  chondrocyte
dimensions principally perpendicularly to the loading direction
[147]. Cell volume and height have been found to deform
depending on the cartilage layer under study, with the
deformation being largest close to the surface [72, 109]. In
addition, the deformation of chondrocytes has been found to be
greatest in the lateral direction perpendicular to the local split-
line pattern [109, 148]. The nucleus of a chondrocyte has also
been shown to compress simultaneously with the cell [10, 148].
Although cartilage explants are frequently used for studying
in situ cell mechanics, there are still justified concerns about the
effect of specimen preparation and cartilage integrity on the
results. In particular, the boundary conditions at the sample
edge due to cutting are expected to be changed, and this could
affect the cell responses [21].
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3.2.3  Cells in intact cartilage
When chondrocytes in fully intact rabbit patellar cartilage under
osmotic load were studied, the cell volumes first increased, but
they did not display any subsequent cell volume recovery [133,
149]. This was speculated to result from the continuous, long-
term tissue swelling which prevented cell volume recovery or
allowed the cells to swell into their preferred volume.
Chondrocyte behavior under static mechanical compressive
load has been studied in healthy fully intact cartilage [21, 123,
134, 135]. Chondrocytes have been found to primarily expand
laterally under mechanical loading, the deformations being
greatest close to the cartilage surface and presumably
perpendicular to the split-lines. The cell volume and height have
been shown to decrease in healthy cartilage under static load
[134]. This has also been recently shown for in vivo for
chondrocytes inside intact knee joints of mice [150].
3.3 CELL-TISSUE INTERACTIONS
Chondrocytes detect their mechanical environment through
multiple biological and biophysical interactions with the ECM
[122]. Since the PCM directly surrounds the chondrocyte, this
region can also influence the signals that cells perceive [67, 151-
155]. Currently there are only a few experimental studies of the
effect of the ECM/PCM on chondrocyte biomechanics [130, 131,
144, 156]. Instead, the effects of articular cartilage composition,
structure and mechanical properties on cell mechanics have
been studied with computational modeling [69, 151, 152, 154,
157].
Chondrocytes  are  physically  connected  to  the  ECM  via
receptors (e.g., integrins [158, 159]) and thus, alterations in the
ECM and PCM should also be reflected in the cellular
characteristics. This is supported by previous theoretical studies
where the ECM and PCM were found to affect cell deformation
behavior [69, 151, 152, 154, 157]. Thus, it can be hypothesized
that when cartilage tissue is exposed to osmotic loading,
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swelling pressure and chemical expansion of the cartilage tissue
(equations 2 and 3) presumably affect the behavior of the
chondrocytes. Similarly, under dynamic loading the collagen
network stress of the tissue (e.g., equation 4) is hypothesized to
be the main component affecting cell level deformations, and in
static compression the swelling pressure caused by the PGs
(equations 2 and 3) and the nonfibrillar matrix stress (e.g.,
equation 7) presumably accounts for the strains and stresses
experienced by cells.
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4 Imaging of viable
chondrocytes with
microscopy
Laser  scanning  microscopy  is  a  3D  tool  which  can  be  used  to
obtain structural and functional data of viable cells in fresh
biological tissues [160-163]. In this chapter the principles and
advantages of confocal and dual-photon laser scanning
microscopies and their applications in cartilage research and
chondrocyte imaging are reviewed and discussed.
4.1 CONFOCAL MICROSCOPY
The basis for confocal microscopy lies within conventional light
microscopy, where a small focal volume is completely
illuminated and thus, the resulting image contains light coming
from regions below and above the focal plane [162]. In confocal
microscopy, any light coming from layers other than the focal
plane is physically prevented which results in better axial
resolution and allows optical sectioning, and thus, 3D image
data. The first version of a confocal microscope was built from a
conventional microscope, so that a lens identical to the objective
lens replaced the condenser lens [163]. Pinholes were used to
limit both the field of illumination and the field of view. The
sample was scanned by moving it laterally, and the light passing
through both the specimen and the second pinhole was detected
with a photoelectric cell. The photoelectric current was then
amplified and displayed on a cathode-ray oscilloscope.
The advantage of using lasers as the light source is that they
can produce light beams with a very high degree of
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monochromaticity and the intensity can be rather high [163]. In
a common, modern version of a confocal laser scanning
microscope, the light is first reflected from a dichroic mirror,
after which it is directed to a set of scanning mirrors. With the
help of these motor-driven mirrors, the whole sample can be
scanned. The specimen is thus excited by the laser and
fluorescence is created. The fluorescent light is then scanned
with the same mirrors, and passed through the dichroic mirror.
A pinhole is used in front of the light detector to reject the axial
out-of-focus light and the lateral overlapping of the signal. After
this, 3D illustrations of the 2D images can be created with
appropriate software [161-163].
Fluorescent labeling of the studied samples is common when
utilizing confocal laser scanning microscopy [164]. Fluorescence
is a physical phenomenon where incident light is first absorbed
by a molecule and then light of a different color (wavelength) is
emitted. In particular, when molecules are hit by a photon, they
can absorb it and, thus, gain energy and cause an electron to
move to a higher discrete excited state. Thereafter the energy is
usually dissipated rapidly (e.g., molecular vibrations and heat),
and in order to regain the ground state, spontaneous emission
might occur, i.e., light of a longer wavelength is emitted.
However, there are also alternative ways for the molecule to lose
its excess energy. The excited electron might undergo a spin flip
into to a triplet state. While the de-excitation from this state is
relatively slow, the molecules might be trapped in this state and
thus, to reduce the effective concentration of the fluorophore.
Photobleaching, on the other hand, is a phenomenon in which
the fluorophore irreversibly changes into nonfluorescent species.
This limits the total amount of fluorescent information that may
be extracted from the sample. Photobleaching is related to
environmental factors, e.g., oxygen activity. It can be reduced
using high numerical apertures (NA) that use less excitation
light and a small magnification (a smaller area will be excited).
Special fluorescence mounting media have been developed to
reduce photobleaching when imaging fixed samples.
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The optical resolution of a microscope is related to the NA of
the optical components and to the excitation and emission
wavelengths of the light [165]. The highest achievable lateral
resolution of a conventional microscope is a function of the
wavelength of the emitted light () and NA of the objective lens,
defined by Ernst Abbe [163]:
NA
0.5Rlateral   . (10)
Clearly,  the  use  of  as  high  as  possible  NA  results  in  the  best
lateral resolution. With confocal microscope this limit can be
exceeded. The axial resolution is always poorer than the lateral
resolution.
Confocal  laser  scanning  microscopy  (CLSM)  is  a  commonly
used method in cartilage research [109, 130-135, 166, 166-170]. It
is suitable for visualizing viable chondrocytes inside cartilage
tissue as well as for imaging isolated chondrocytes. Changes in
chondrocyte volume, morphology and surface area following
osmotic or mechanical loading can be studied with this method.
4.2 DUAL-PHOTON MICROSCOPY
The  optical  design  of  the  dual-photon  microscope  is  similar  to
the confocal microscope [171, 172]. Dual-photon microscopy
utilizes high intensity lasers with low power in order to excite a
fluorophore with two low-energy photons instead of one high-
energy photon [173, 174]. A single low-energy photon does not
have enough energy to excite a fluorophore, but if two of them
reach the molecule within 10-16 seconds, then the threshold for
excitation is fulfilled. The probability of this phenomenon is low,
and it is proportional to the square of the light intensity [171,
172]. This proves to be an advantage in microscopy, since
fluorescence can only happen in the region where the light
intensity is at its highest. Thus, optical sectioning or pinhole
detectors are not needed.
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Dual-photon microscopy has also been used in cartilage
research [129, 150, 175], although less commonly than confocal
microscopy, probably due to the higher costs of the laser source.
However, there are clear advantages associated with its use in
favour of confocal microscopy in cartilage research; it has been
shown to decrease photo-bleaching (accurate focusing of the
excitation light results in a smaller volume of imaging) and to
improve chondrocyte viability, and with optimized conditions,
it is possible to achieve an increase in the penetration depth of
the imaging [175].
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5 Aims and significance
Although the responses of chondrocytes to osmotic and
mechanical loading have been earlier studied, it is still not
known how the integrity, structure and composition of the PCM
and  ECM  affect  cell  biomechanics.  In  this  thesis,  confocal  and
dual-photon microscopies were used to study viable
chondrocytes in normal, enzymatically degraded and
osteoarthritic cartilage. The use of Fourier transform infrared
(FTIR)  microspectroscopy,  polarized  light  microscopy  (PLM)
and digital densitometry (DD), made it possible to obtain
detailed and depth dependent data on the structure and
composition of the samples and this could be related to the
changes detected in cell volume and morphology. In addition,
FE  modeling  was  used  to  provide  additional  insights  into  the
reasons behind the observed phenomena in early OA.
Specifically, the objectives were to answer the following
questions:
1. Does the sample preparation/integrity affect chondrocyte
response when cartilage tissue is osmotically loaded?
2. Does collagen degradation have a specific effect on the
chondrocyte response following osmotic loading of cartilage?
3. How is the structure of cartilage altered and how are the cell
responses to mechanical loading of the tissue changed in the
very early stage of experimentally-induced OA?
4. What is the role of the ECM and PCM matrices on cell
responses following mechanical loading in the very early
stage of OA?
This study will improve the knowledge on the
interrelationships between cartilage structure and chondrocyte
biomechanics in normal, degraded and osteoarthritic tissue.
Importantly, in addition to the specific effects of the different
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constituents of cartilage tissue on the cell biomechanics, this
thesis reveals changes in cell biomechanics in the very early
stage of OA. Hopefully this knowledge will form a platform
from which to develop methods which can detect these cell level
alterations at the very early stage of OA and perhaps help to
devise novel strategies to slow down or prevent the progression
of OA.
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6  Materials and methods
This thesis consists of four independent studies. The materials
and methods used are summarized in Table 1. The main focus of
all studies was to reveal changes in chondrocyte volume and
morphology following osmotic (studies I and II) and mechanical
(studies III and IV) loading of the tissue, and their relation to
tissue structure, composition, and biomechanical properties.
Chondrocyte  volume  and  morphology  were  assessed  with
confocal and dual-photon laser scanning microscopy. Collagen
content, collagen orientation angle and PG content of the
samples were characterized with FTIR microspectroscopy, PLM
and DD, respectively. In addition, biomechanical testing was
used in study II to quantify the biomechanical properties of the
tissues. FE modeling was used in study IV in order to reveal the
specific influence of the PCM and ECM on chondrocyte volume
and morphology.
Table 1. Summary of the materials and methods used in studies I-IV.
Study Samples Study purpose Methods
I Bovine LPG
The effect of sample
integrity on chondrocyte
biomechanics
CLSM, FTIR
microspectroscopy
II Bovine LPG
The effect of collagen
degradation on
chondrocyte
biomechanics
CLSM, FTIR
microspectroscopy,
PLM, Biomechanical
testing
III Rabbit patella
The effect of early OA
on chondrocyte
biomechanics
Dual-photon
microscopy, FTIR
microspectroscopy,
DD, PLM
IV Rabbit patella
Theoretical study about
the reasons behind
changes in chondrocyte
biomechanics observed
in study III
FE modeling
The abbreviations used in Table 1 can be found in the List of abbreviations.
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6.1 SAMPLE COLLECTION AND PROCESSING
In studies I and II, bovine knee joints were used (ages 17-21 and
17-32 months, respectively). Cartilage samples with the
underlying bone attached were collected from the lateral
patellar groove (LPG) of the joints on the day of slaughter. First,
a drill bit (diameter = 21 mm) was used for obtaining cylindrical
osteochondral plugs, which were then cut out from the knee
joint with an autopsy saw (Stryker Autopsy Saw 868, Stryker
Europe BV, Uden, Netherlands). Two smaller samples were
then further extracted from these plugs using a metallic punch
(diameter = 10 mm). Samples were kept in 37°C Dulbecco’s
modified Eagle’s medium (DMEM, EuroClone S.p.A., Italy, 285-
300 mOsm) until they were measured.
In study I, one of the osteochondral plugs was kept intact,
while the other one was cut in half perpendicularly to the
cartilage surface (Figure 1). The intact plug was used for
studying cell biomechanics through the intact surface. One half
of the cut plug was used for studying the chondrocyte
biomechanics through the cut surface, while the other half was
used for structural analysis (collagen and PG contents), and was
frozen immediately after the preparation in PBS solution (-
20°C).
In study II, collagenase enzyme (30 U/ml, high purity
collagenase type VII (C0773), Sigma-Aldrich, St. Louis, MO,
USA) was used in order to generate collagen degradation in one
of the osteochondral plugs (Figure 1). Both samples were
incubated for equal amounts of time; one of the plugs was
immersed in DMEM and the other placed in a medium
containing both DMEM and collagenase.
In  studies  I  and  II,  calcein-AM  was  used  for  fluorescence
labeling of the chondrocytes. Calcein-AM is a nonfluorescent
and membrane-permeant chemical substance. Inside the cell, the
esterases release the fluorophore, calcein, which is then trapped
inside the cell [167]. The samples were immersed in a medium
containing DMEM (EuroClone) and 5 μM calcein-AM
(Invitrogen, Eugene, OR, USA) for 30 minutes at room
Materials and methods
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temperature. In addition, 50-60 μM propidium iodide (PI,
Sigma-Aldrich) was added for detecting the dead cells. It is
membrane-impermeant, and it gives a red fluorescence only
when bound to nucleic acids [167].
Figure 1. Overall  schematic  presentation  of  studies  I  and  II.   a)  (i)  In  study  I  the
CLSM measurements were conducted through intact surfaces of cartilage samples
(Group  1)  and  through  cut  surfaces  of  cartilage  explants  (Group  2)  before  and  after
osmotic loading.  In study II the CLSM measurements were conducted before and after
osmotic loading using intact (Group 1) and degraded (Group 2) cartilage.  (ii) Typical
microscopic images of the calcein-AM stained samples, and (iii) a 3D presentation of a
chondrocyte. Typical (b) FTIR microspectroscopy and (c) PLM images for determining
the PG and collagen contents and collagen orientation, respectively, in studies I and II
(collagen orientation only in study II). S.Z. = superficial zone, M.Z. = middle zone,
D.Z. = deep zone.
Siru Turunen: Osmotic and mechanical loading of chondrocytes in situ
30 Dissertations in Forestry and Natural Sciences No 103
After the measurements (see CLSM microscopy below), the
samples from study II were immersed in isotonic DMEM (285
mOsm)  for  one  hour  and  afterwards  cut  in  half.  One  half  was
used  for  the  estimation  of  tissue  composition  (collagen  and PG
contents, see below) with FTIR microspectroscopy and tissue
structure (collagen orientation) with PLM, see below. The other
half was used for biomechanical testing, see below.
In studies III and IV, anterior cruciate ligament transection
(ACLT) of  rabbits  was used to model OA (Figure 2).  Unilateral
ACLT was conducted on the right knees of 10 female New
Zealand white rabbits (age 14 months, weight 5.4 ± 0.6 kg),
while the contralateral side was not subjected to any surgical
procedure. The patellae from both knees were dissected four
weeks after ACLT (29 ± 1 days). These procedures were carried
out according to the guidelines of the Canadian Council on
Animal Care and were approved by the committee on Animal
Ethics at the University of Calgary.
The ECM and PCM of the samples were labeled with a
fluorescent dye (Dextran, 3 kDa molecular weight, Invitrogen,
Molecular Probes, OR, USA) suspended in DMEM (Dulbecco’s
Modified  Eagle’s  Medium,  Gibco,  OR,  USA)  for  four  hours  at
4ºC (Figure 2). After staining, the samples were washed in PBS
two  times  for  ten  minutes  in  order  to  remove  the  excess  dye.
Thereafter, the patellae were attached to a sample holder with
dental cement and a self tapping bone screw (Fine Science Tools,
North Vancouver, BC, Canada). During the entire procedure the
samples were kept moist with PBS.
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Figure 2. Overall schematic presentation of study III.  a) (i) Schematic presentation of
the mechanical indentation system mounted on a dual-photon microscope, (ii) typical
microscopic images of the Dextran stained samples, (iii) a 3D presentation of a
chondrocyte, and typical (b) DD, (c) FTIR microscpectroscopy and (d) PLM images
for determining the PG content, collagen content and collagen orientation, respectively,
of the samples.
6.2 OSMOTIC LOADING AND CLSM MICROSCOPY
In studies I and II, CLSM was used for studying the chondrocyte
response to osmotic loading in bovine LPG cartilage (Table 1,
Figure  1).  The  microscope  used  was  a  Nikon  Eclipse  TE-300
(Nikon Co., Tokyo, Japan) with an UltraVIEW confocal laser
scanner (PerkinElmer, Oxford, UK). The cells were excited with
a laser beam of 488 nm wavelength, and the emitted calcein
fluorescence (515 nm) was measured with a 500-550 nm band
pass filter. The objective used had a magnification of x40 and
x60 in studies I and II, respectively.
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A reference image stack was first captured as the samples
were immersed in isotonic DMEM (285-300 mOsm). Thereafter
the solution was rapidly changed to be hypotonic (170-180
mOsm), and image stacks were taken after different time points
(study  I:  2,  20  and  120  min,  study  II:  20  and  120  min).  The
osmolarity of the solutions was checked with a freezing point
osmometer (Halbmikro-osmometer, GWB, Knauer & Co GmbH,
Berlin, Germany). The pH of the solutions was always
maintained at 7.4. The chondrocytes were imaged up to ~60-80
μm in depth from the measurement surface. The xy-plane was
672 x 512 pixels in both studies I and II with the pixel sizes of 0.3
and 0.2 μm, respectively. The z-axis increment was 0.25 μm in
both studies. The measurements were conducted at room
temperature.
The image stacks from each sample/time point were
imported to image analysis software ImageJ (National Institute
of Health, USA), and approximately ten cells from the
superficial cartilage of each image stack were randomly picked
for further analysis. The volumes of the cells were calculated
using 3D reconstructions (Visualization Toolkit 5.2.0, Kitware
Inc., NY, USA) and a code written with Python programming
language. For calibration purposes, fluorescently labeled
microspheres (7.32 μm in diameter, volume 205.4 μm3) were
imaged in order to determine a threshold that gives correct cell
volumes. A threshold of 40 % of the maximum intensity was
found to yield correct values (206.4 μm3). In addition,
background  noise  for  each  image  stack  was  defined  from  the
histograms and reduced for each individual cell.  Cell
morphology (height, width and depth) was analyzed using
Matlab R2007b (MathWorks Inc., Natick, MA, USA). The width
and depth (x- and y-directions) were defined as the minor and
major axes parallel to the cartilage surface and perpendicular to
the z-axis. This was accomplished by defining the maximum
distances between cell edges in the horizontal plane, and the z-
direction in the vertical plane.
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6.3 MECHANICAL LOADING AND DUAL-PHOTON MICROSCOPY
In  study  III,  a  dual-photon  microscope  coupled  with  a
mechanical indentation system was used in order to obtain
images of rabbit patellar chondrocytes before and after
mechanical indentation loading of cartilage [135] (Table , Figure
2). The unique microscopy indentation system consisted of a
round light transmissible glass indenter (total diameter 2 mm)
mounted on the stage of a dual-photon microscope (Chameleon
XR infrared laser, Coherent Inc., Santa Clara, CA, USA) in front
of a water immersion objective (x40 magnification, 0.8 NA)
(Figure 2). The xy-plane was 512 x 512 pixels, with a pixel size of
0.41 μm. The image stacks were captured with 0.5 μm z-axis
increments up to ~60 μm in depth from the cartilage surface. The
analyzed cells were located in the superficial cartilage, on
average at 20 μm depth from the surface.
The calibration of the system was done using Dextran-stained
agarose gel with polystyrene microspheres (diameter 5.93 ± 0.05
μm). The gel with microspheres was imaged with the same
setup as the samples, resulting in a correction factor for the z-
axis based on the known microsphere diameter (known
microsphere diameter divided by the diameter in the images).
In the measurements, a small preload (0.1-0.2 MPa) was
applied in order to assure good contact between the indenter
and the sample. Then, the sample was compressed with a rate of
10 μm/s until a contact pressure of 2 MPa was reached.
Thereafter the displacement was held constant for 20 minutes,
resulting in contact pressures of 0.71 ± 0.1 MPa and 0.78 ± 0.2
MPa in the ACLT and contralateral groups, respectively, in the
end of the experiment.
The image stacks were imported to ImageJ and
approximately ten cells from each stack were randomly chosen
for  the  analysis  (n  =  8  samples,  N  =  77-79  cells/group).
Individual cells were tracked both before and after the
mechanical loading. Image thresholds were determined
individually for each cell from intensity histograms by defining
the median value between the cell and the matrix in the middle
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slice of the cell. The 3D reconstruction and the calculation of cell
volume and morphology were done similarly as in studies I and
II, see above.
Cartilage thickness was estimated based on the data obtained
from the PLM measurements (see below). The compression
induced tissue strain was obtained from the differential variable
reluctance transducer data (DVRT; measures the distances
during the mechanical compression). The global tissue strain
was then calculated by dividing the axial compression by the
total tissue thickness. The local axial and transversal ECM
strains were defined by analyzing the distances of the centers of
of cells from the axial and transversal view, respectively, in both
unloaded and loaded states (individual cells were tracked).
Briefly, the distance between recognizable pairs of cells were
first detected in the unloaded configuration and then in the
loaded configuration. The local axial ECM and transversal
strains were then calculated by dividing the difference in the
distances by the original distance. The Young’s modulus of the
samples was calculated using the following equation [176]:
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where Emeasured is  the  modulus  calculated  directly  from  the
experiments at equilibrium (stress divided by strain), a is  the
radius of the indenter, h is the thickness of the cartilage, 	 is the
Poisson’s ratio (0.16 [177]) and  is the novel scaling factor [178].
6.4 FTIR MICROSPECTROSCOPY
Fourier transform infrared microspectroscopy has been proven
to be a powerful tool to assess the composition of cartilage [87,
88, 179-182]. In this thesis, FTIR microspectroscopy was used for
estimating the spatially varying collagen content in studies I, II
and III, and PG content in studies I and II (Table 1, Figures 1 and
2).
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Infrared (IR) spectroscopy is a technique where the structure
of a material can be studied at the molecular level based on the
vibrations of the atoms of a molecule [183]. Chemical bonds in
molecules absorb IR light at specific wavelengths, thus, different
chemical molecules in the tissue can be recognized with IR
spectroscopy [183]. Specifically, when IR radiation is directed
through  a  sample,  the  majority  of  the  energy  goes  through  it,
but a fraction is absorbed at specific frequencies/wavelengths
related to the chemical composition present in the sample. The
IR light absorption is based on the change in the electric dipole
moment of the molecule during the vibration [183]. The
intensity of the absorption is proportional to the change in the
electric dipole moment e.g. due to bending or stretching of the
molecular bonds [183]. Thus, the absorption peaks of the
spectrum can be used to quantify the amount of different
chemical components.
In FTIR microspectroscopy, the spectrometer is coupled with
a light microscope, which means that it is possible to study the
absorbance spectra at discrete points and create a 2D spectral
map of the compounds of interest in tissue sections. With this
method, the relative amount of the molecules of interest can be
quantified, in addition to their spatial distribution, orientation,
and molecular nature. The radiation from the IR source is first
passed through an interferometer before being transmitted
through the sample and finally reaching the detector [183]. The
signal is then amplified, converted from analogical to digital
form, and transferred to a computer for Fourier transformation.
In studies I and II, three 5 μm  thick  unstained  slices  from
each bovine LPG cartilage specimen were prepared from frozen
samples (samples were thawed and frozen in liquid nitrogen)
with a cryomicrotome (Reichert-Jung Cryostat 2800 Frigocut-E,
Nussloch, Germany). In study III, where the samples were fixed
in formalin after the dual-photon microscopy, a decalcification
was conducted with ethylenediaminetetra-acetic acid (EDTA),
followed by dehydration in an ascending series of alcohol
solutions (50%, 70%, 80%, 95% and 100%). The remaining
alcohol was cleared with xylene. Finally, the samples were
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infiltrated with paraffin (Paraplast Wax, Lancer division of
Sherwood Medical, Kildare, Ireland). Then, three 5 μm thick
slices were deparaffinized with xylene and PGs were removed
with a hyaluronidase digestion (1000 U/ml hyaluronidase,
Sigma-Aldrich,  St.  Louis,  MO,  USA),  in  order  to  study  the
collagen content in detail [184]. In all studies, the slices were
placed on Zinc Selenide (ZnSe) slides.
The FTIR equipment used was a PerkinElmer Spectrum
Spotlight 300 spectrometer in transmission mode (PerkinElmer,
Wellesley, MA, USA). From every sample, a rectangular area
from the surface to the subchondral bone was imaged (Figures 1
and  2,  width  ~  500 μm,  pixel  size  6.25  or  25 μm, spectral
resolution 4 cm-1, scans/pixel 2-8 in studies I, II and III).
The spectra were first baselined, i.e., the minimum value was
subtracted in order to correct the offset due to background.
Characteristic absorbance bands were detected from the spectra
and integrated in order to reveal the amount and distribution of
collagen and PGs. Collagen concentration of cartilage was
estimated from the integrated area of amide I absorbance (1585-
1720 cm-1), while the carbohydrate region (985-1140 cm-1) was
used to estimate the PG content similarly to previous studies [88,
180, 185]. The values of each row of data parallel to the surface
were averaged in order to obtain a depth-dependent profile of
the cartilage composition (Figures 1 and 2).
6.5 POLARIZED LIGHT MICROSCOPY
Polarized light microscopy has been utilized in cartilage
research in order to characterize the depth dependent
orientation angle of collagen fibrils [19, 100, 186-189]. PLM is
based on the interactions between the matter and light. Light is
an electromagnetic wave composed of both electric and
magnetic fields propagating through material perpendicularly
to each other. The molecular composition of a material affects
the penetration of light, and this can be utilized in PLM in order
to study the structure of a sample [187, 190].
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Conventional PLM usually consists of two linear polarizers.
The first polarizer is used for linearizing the incident,
nonpolarized light. The second polarizer is perpendicular to the
first one, and thus, ideally no light can travel through the system.
When an anisotropic sample is placed between the two
polarizers, the plane of polarization is slightly shifted and light
is  able  to  pass  through  the  specimen.  The  amount  of  light
detected depends on the material properties of the sample. The
intensity of the emerging light can be determined with Fresnel
equation:
I = a + b I0sin2, 0 /2 (12)
where I0 is the intensity of the light illuminating the sample,  is
the rotation angle of the polarization plane, and a and b are
constants dependent on the optical system.
Stokes parameters for each image pixel can be used to
characterize the polarization phenomenon of a material [100, 187,
191].
S0= I0  + I90 (13)
S1= I0  - I90 (14)
S2= 2I45  - S0 (15)
S3= S0  - I(90+/4), (16)
where I(0-90°) is the intensity of the light with the polarizer at
position 0-90°, S0 the total intensity of the light, S1 the amount
linear polarization, S2 the amount of ±45° polarization and S3 the
amount of right or left circular polarization. Subscript /4 refers
to the image taken with a phase shifter.
The orientation angle of the collagen fibrils can then be
calculated as follows:
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where  is the orientation angle of a polarization ellipse. Since
the fibrils in articular cartilage split the light passing through it
into two components (one parallel and one perpendicular to the
long axis of the fibril),  can be used to estimate the average
orientation of collagen fibrils in each pixel.
In study II, frozen bovine LPG cartilage samples were
thawed, and fixed in 10 % formalin. Thereafter microscopic
slices were prepared similarly as for FTIR microspectroscopy
(see above).
A polarized light microscope (Leitz Ortholux II POL, Leitz
Wetlar, Wetzlar, Germany) and a thermoelectrically cooled
digital camera (Photometrics SenSys, Roper Scientific, Tucson,
AZ, USA) with a charge-coupled device (CCD, Kodak,
Rochester, NY, USA) were used for the imaging and signal
detection. The system was customized for computation of
Stokes parameters [100, 187, 192].
Seven images of each sample were imaged with x4
magnification at 0°, 15°, 30°, 45°, 60°, 75°, and 90° polarizer pair
positions (polarizer-analyzer). An additional image was
recorded at the 90° position with a phase shift plate (/4) in the
path of light. 0°, 45°, 90° images, and the 90° image with a phase
shift were used in order to calculate the Stokes parameters (S0-S3,
equations 13-16, Figures 1 and 2).
6.6 DIGITAL DENSITOMETRY
Digital densitometry was used in study III for estimating the PG
distribution of the rabbit cartilage samples as a function of
depth from the cartilage surface to the subchondral bone (Table
1, Figure 2). PGs in articular cartilage contain negative groups,
in  which  the  cationic  dye  (Safranin  O)  binds  to.  It  has  been
previously shown that there is a linear relationship between the
optical density (OD) and the amount of PGs [193, 194].
Therefore the distribution of PGs can be revealed and quantified
with this method [100] (Figure 2).
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Samples were processed similarly to FTIR microspectroscopy
(see above), excluding deparaffinization and PG digestion. Then,
the three micrometer thick slices were stained with safranin O
and placed on standard microscopic slides.
The measurement system consisted of a standard microscope
with an objective of x4 magnification. The calibration of the
system was conducted with neutral density filters (Schott,
Mainz,  Germany)  with  different  absorbance  units  (OD  =  1,  1.3,
1.6, 2, 2.6 and 3) by fitting a logarithmic curve into the values.
Thereafter grayscale images were captured and converted into
absorbance units. A rectangular area (~400 μm width) was
manually chosen from the image for further analysis. The
profiles were then averaged horizontally in order to estimate the
depth dependent PG content of the samples.
6.7 BIOMECHANICAL TESTING
Biomechanical stress-relaxation tests (unconfined compression)
were used in study II for the quantification of the biomechanical
changes in bovine LPG cartilage samples after collagenase
treatment (Table , Figure 3). A custom made high-resolution
mechanical testing device was used for the measurements [195].
Briefly, the measurement setup consisted of a load cell unit
(Sensotec, Columbus, OH, USA), a precision motion controller
(PM500-C, Newport, Irvine, CA, USA) and a data acquisition
system.
Cartilage samples were thawed at room temperature before
the measurements were conducted. First, the measurement
chamber was filled with isotonic PBS, and the compression plate
was driven to the bottom of the chamber in order to set the
offset position. Then the compression plate was elevated, the
cartilage sample was placed in the chamber and an initial
contact  was ensured by a change in the force sensor reading.  A
full contact was then obtained by further lowering the
compression plate and this was confirmed visually.
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Stress-relaxation tests were then conducted with 2 x 5 %
strain, with a 30 minute relaxation period [115, 196] after both
steps (2 mm/s compression rate). The reaction forces and axial
deformations were recorded continuously through the entire
experiment. The instantaneous and equilibrium modules were
calculated from the data (stress-strain ratio from the peak and
equilibrium forces, respectively) (Figure 3).
Figure 3. a) A schematic presentation of the mechanical testing device and typical b)
displacement and c) force curves in a stress-relaxation test.
6.8 COMPUTATIONAL MODELING
An axisymmetric FE model with poroelastic and swelling
properties as well as characterization of the collagen fibrils was
constructed in order to simulate the experimental indentation
measurements of study III (equations 1-9). The model was used
to elucidate the reasons behind the experimentally observed cell
volume behavior in rabbit patellar cartilage (Table 1).
The two major components in the model were the nonfibrillar
(PGs and interstitial fluid) and fibrillar (collagen network)
phases. The osmotic swelling and chemical expansion stresses
were  taken  into  account  with  equations  2  and  3.  The  collagen
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network was modeled using elastic fibrils (equation 4) [69, 112,
116, 152]: the primary fibrils obey the Benninghoff-like depth-
dependent orientation [197], while the secondary fibrils are
randomly organized and also contribute to the crosslinking of
the primary fibrils (equations 5-6). The nonfibrillar part was
implemented as Neo-Hookean porohyperelastic material
(equation 7), and the permeability was assumed to depend on
the void ratio (equation 8). The total stress in the model was
given by the equation 9.
The indenter was assumed to be rigid, and the model
consisted of 1608 axisymmetric poroelastic elements which each
had four nodes (Figure 4). The lateral movement of the
symmetry axis was set to zero and the bottom of the sample was
fixed. Free fluid flow was allowed at the edge of the sample and
at the surface of cartilage not in contact with the indenter. First,
the tissue was allowed to swell freely (osmotic swelling and
chemical expansion). Thereafter, the indenter was moved into
contact with the cartilage surface, followed by a 2 MPa
compression and a 20 minute relaxation period keeping the
tissue strain constant. A submodel, consisting of 398 elements,
including elements also for the PCM (80 elements) and cell (102
elements), was constructed for the superficial zone. A user-
defined material script was used for implementing the material
properties to the model. All simulations were performed with
Abaqus 6.11-2 (Dassault Systemés, Providence, RI, USA).
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Figure 4. Finite element model consisting  of  a)  a  global  model  (ECM)  and  b)  a
submodel (ECM, PCM and cell), and c) a presentation of the cell shape before and after
the mechanical loading.
Both experimental data and results from previous studies
were utilized in order to implement the structural,
compositional and mechanical parameters in the model (Table 2).
The zonal thicknesses (7%, 18% and 75% for superficial, middle
and deep zones) were determined from the PLM measurements
of the contralateral joints. Water, collagen and FCD contents
were obtained from previous studies [136, 157].  PCM stiffness
was 90 % less and FCD content 1.27 times higher than those of
the ECM [151, 152]. Collagen fibers were assumed to be oriented
parallel to the cell surface in the PCM. Permeability was
modeled as nonlinear and dependent on the void-ratio for the
ECM, and constant for the PCM and cell.
ACLT induced changes in cartilage samples were
implemented into the ACLT model. These included reduced
collagen fibril stiffness, decreased FCD and increased fluid
fraction. In addition, changes in the properties of the PCM,
presumably present in OA, were implemented in the model [8,
88, 198, 199]. Finally, cell volume changes following indentation
testing of ACLT and contralateral joint cartilage were simulated.
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Table 2. Mechanical, structural and compositional parameters of the ACLT and
contralateral joint models.
Parameter ACLT model Contralateral
model
Collagen stiffness
Ef(MPa)
ECM
PCM
Cell
7.5
0.1 x Ef (ECM)
-
10
0.1 x Ef (ECM)
-
FCD cF(mEq/ml)
ECM
PCM
Cell
0.08+0.12z
0.11+0.09z
0.08
0.11+0.09z
0.14+0.12z
0.08
Fluid fraction nf
ECM
PCM
Cell
0.9-0.2z
0.9
0.61
0.85-0.15z
0.85
0.61
6.9 STATISTICAL ANALYSIS
Study I: A mixed linear model with a Sidak correction was used
when comparing the differences in the cell volume and
morphology  between  different  time  points  and  groups.  The
measurement time point, sample type and their interaction were
fixed variables, while the sample number was a random
variable. The model takes into account that the cells were from
the same animals, joints and samples, and that different cells
between groups and time points were compared. A Pearson
correlation coefficient was used for the determination of the
relationship between PG/collagen contents and cell
biomechanical behavior. SPSS 14.0 (SPSS Inc., Chicago, IL, USA)
was used for the analyses.
Study II: The same mixed linear model as in study I was used
in order to reveal the significant differences between the intact
and degraded samples. Differences in the structure and
biomechanical properties were analyzed with a nonparametric
Wilcoxon signed rank test. SPSS 17.0 was used for the analyses.
Studies III & IV: In the comparison of the cell parameters
between the groups, one way analysis of variance (ANOVA)
was used. The structural differences were evaluated with a
Wilcoxon signed rank test. SPSS 17.0 was used for the analyses.
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7 Results
7.1 CHONDROCYTE RESPONSE TO OSMOTIC AND
MECHANICAL LOADING IN SITU
7.1.1 Resting volume and morphology
In study I, the chondrocyte resting volume, height and depth in
the superficial layer of cartilage explants before osmotic loading
were significantly larger than the equivalent cells present in
intact cartilage (p < 0.05). In addition, cell aspect ratios were
significantly smaller in intact than in explant samples (p < 0.05).
Enzymatic degradation of the collagen network did not affect
significantly the resting volume or the morphology of
chondrocytes  in  study  II  (p > 0.05). In study III, chondrocyte
resting volume, height, width and depth were significantly
smaller in ACLT as compared to contralateral samples (p <
0.001).
7.1.2 Intact cartilage
In intact cartilage, cell volume and height were significantly
greater 20 minutes after the hypotonic loading compared to the
corresponding values before the loading (p < 0.05, studies I and
II, Figure 5). After this, they either fully remained at the elevated
level (intact cartilage in study I), or displayed some volume
recovery, although not regaining the original values (intact
cartilage in study II, p > 0.05). In study I, cell depth in intact
cartilage followed the similar behavior as the volume and
height, while it did not change significantly in study II. Cell
width did not change significantly following osmotic loading in
either of studies I or II (p > 0.05).
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Figure 5. Normalized (a) cell volume, (b) height, (c) width and (d) depth before and 20
min and 120 min after hypo-osmotic loading in intact cartilage (study I, n = 8, study
II, n = 7), cartilage explants (study I, n = 8) and degraded cartilage (study II, n = 7).*p
< 0.05, **p < 0.001.
7.1.3 Cartilage explant
In cartilage explants (study I), cell volume, height and depth
increased significantly immediately after the osmotic loading (2
min, p < 0.05). Thereafter, a significant decrease was detected (p
< 0.05) and the cell dimensions reached their original values
during the 120 min measurement period (Figure 5).
The increase in cell volume after hypotonic loading was
significantly greater in cartilage explants compared to intact
cartilage (2 min, p < 0.05). After 120 minutes, the relative cell
volume and height were significantly greater in intact cartilage
compared to cartilage explants (Figure 5, p < 0.05).
7.1.4 Enzymatically degraded cartilage
In enzymatically degraded cartilage (study II), cell volume and
height had recovered back to their original values 20 minutes
after the hypotonic loading (Figure 5). The cell width decreased
significantly from 20 to 120 minutes (p < 0.05), completely
recovering back to its original value. The cell depth remained
the same throughout the experiment.
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Normalized cell volume and height were significantly
smaller in the degraded cartilage compared to intact cartilage 20
minutes after osmotic loading (p < 0.001 and p < 0.05,
respectively, Figure 5). Normalized cell volume remained
significantly smaller in the degraded cartilage also at 120 min
following the hypotonic loading (p < 0.05). Normalized cell
width was significantly greater in the degraded cartilage as
compared to the intact cartilage samples at the 20 min time point
(p < 0.05).
7.1.5 Osteoarthritic and contralateral joint cartilage
As a result of 2 MPa force-relaxation loading of rabbit patellar
cartilage, the cell volume and height in the contralateral joint
cartilage decreased significantly, while the cell width and depth
increased (Figure 6, p < 0.001). In the ACLT group, there were
significant increases in cell volume, width and depth of the
chondrocytes, while cell height decreased significantly (p <
0.001). Importantly, the changes in cell volume (p < 0.001), width
(p <  0.05)  and  depth  (p < 0.001) were significantly larger in the
ACLT group as compared to contralateral group, while the
change  in  cell  height  (p < 0.05) was significantly greater in the
contralateral joint cartilage.
Figure 6. Normalized (a) cell volume, (b) height, (c) width and (d) depth before and at
steady state after mechanical loading of cartilage in the experiments (ACLT and
contralateral cartilage) and in the FE model (ACLT model and contralateral model).
**p < 0.001.
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7.2 STRUCTURAL AND MECHANICAL ANALYSIS OF TISSUE
When studying chondrocytes in intact bovine LGP cartilage, the
amount  of  PGs  in  the  superficial  zone  was  found  to  correlate
significantly (p < 0.05) with the cell volume at the 120 minute
time point. There were no correlations between the cell
volumetric behavior and the collagen content (p > 0.05).
The structure of the bovine LPG cartilage changed due to the
enzymatic treatment in study II (Figure 7). The collagen content
in the superficial tissue was significantly decreased after the 24
hours of collagenase digestion (0-10 %, p <  0.05  compared  to
intact cartilage). The orientation angle of the collagen fibrils was
also altered: the enzymatic degradation resulted in more
perpendicular fibril orientation (more fibrillated collagen
network) in the superficial tissue compared to intact,
nondegraded cartilage (0-10 %, p < 0.05). Deeper zones remained
unaffected by the treatment (p > 0.05). PG content remained
unaltered through the entire depth (p > 0.05). The enzymatic
treatment also affected tissue biomechanics. The instantaneous
modulus of the cartilage was significantly decreased in
enzymatically degraded cartilage (p <  0.05).  The  equilibrium
modulus did not change (p > 0.05).
The structure and composition of the rabbit patellar cartilage
was significantly changed 4 weeks after the ACL transection
(Figure 8). Specifically, the collagen orientation angle was
changed in the superficial zone of cartilage due to the operation
(0-9 %, p < 0.05). The PG content in the superficial cartilage was
significantly  lower  in  the  ACLT  group  (0-24  %, p < 0.05)
compared to the contralateral group. ACL transection did not
affect the collagen content of the samples (p > 0.05).
Results
Dissertations in Forestry and Natural Sciences No 103       49
Figure 7. (a) PG content (AU), (b) collagen content (AU) and (c) collagen orientation
angle (degrees) in intact (red line) and degraded (black line) cartilage in study II as a
function of tissue depth, defined using FTIR microspectroscopy and PLM (n =
7/group). AU = absorption unit.
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Figure 8. (a) PG content (AU), (b) collagen content (AU) and (c) collagen orientation
angle (degrees) in ACLT (red line) and contralateral (black line) groups in study III as
a function of tissue depth, defined using DD, FTIR microspectroscopy and PLM,
respectively (n = 8/group). AU = absorption unit.
The average global tissue strain (29 ± 9 % and 24 ± 7 %), and
local axial (47 ± 7 % and 43 ± 7 %) and transversal (20 ± 9 % and
17 ± 11 %) strains after the mechanical loading were larger in the
ACLT compared to the contralateral group, but the differences
were not statistically significant (p > 0.05). In addition, the
Young’s  modulus  of  the  ACLT  joint  cartilage  was  lower
compared to the contralateral group, but the difference was not
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statistically significant (1.8 ± 0.7 MPa and 2.4 ± 1.2 MPa, p > 0.05,
respectively).
7.3 FINITE ELEMENT ANALYSIS
Similarly to the experimental results in study III, cell volume
was found to increase after the mechanical loading in the FE
model representing the ACLT joint cartilage, while a decrease in
the cell volume in contralateral joint cartilage was detected in
both experiments and simulations (Figure 6). Cell height
decreased due to the loading in both groups in the experiments
and simulations (Figure 6). Cell width and depth increased
more in ACLT as compared to contralateral group in both
experiments and simulations (Figure 6). The local axial and
transversal tissue strains in the FE model were greater in the
ACLT group compared to the contralateral group, similarly to
the experimental results.
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8 Discussion
The volume and morphology of chondrocytes in the superficial
layer of articular cartilage were studied under osmotic and
mechanical loading in intact, enzymatically degraded and
experimentally-induced OA cartilage. Changes in tissue
integrity, the amount of collagen and PGs as well as fibrillation
of the collagen network were found to alter chondrocyte
biomechanics in their own distinct manners. In this chapter, the
results are discussed in more detail.
8.1 CHONDROCYTE RESPONSE TO OSMOTIC LOADING
The resting volumes of cells in intact cartilage were smaller
compared to those in cartilage explants. Similarly, cellular
resting volumes have been previously reported to be increased
in OA cartilage [130, 134]. One explanation for this phenomenon
might be that cells in intact cartilage are squeezed between the
horizontal collagen fibers [133, 149, 157], while cells in explants
have more space in their surroundings. In addition, the cellular
resting volumes of enzymatically degraded cartilage were larger
than in intact cartilage, although the difference was not
statistically significant. Thus, it may be that a minor degree of
collagen degradation alone does not affect cell resting volumes.
There was a significant difference in the cell behavior
following hypotonic loading of cartilage depending on the
sample preparation/integrity. In previous studies where either
isolated cells or cartilage explants have been used, chondrocytes
have  been  shown  to  respond  to  hypotonic  loading  with  an
increase in cell volume [129, 131, 132, 136, 137]. Afterwards a
volume decrease has been observed and chondrocytes have
regained their original volumes [129, 131, 131, 137]. In the
current experiments, the same behavior was observed for
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chondrocytes in cartilage explants: at 2 minutes the cell volumes
were highly elevated, but after 20 minutes following osmotic
loading they had returned to their original levels. Similarly, our
results showed that chondrocytes in enzymatically degraded
cartilage also regained their original volumes within 20 minutes
after the osmotic loading. In contrast, the response of the
chondrocytes to osmotic loading in intact cartilage was
significantly different. First, an increase in the cell volume was
detected, however, the subsequent reduction in volume was
either completely missing or not so profound when compared to
the cartilage explants or degraded samples. Importantly,
original cell volumes were not reached in intact samples even
after two hours, similarly to the results from a previous study
[133]. Additional morphological analysis revealed that the
difference in cell behavior between intact cartilage and cartilage
explants/degraded cartilage was primarily explained by the
change in cell  height.  This might be due to the loosening of  the
collagen fibril tension, which then allowed the cells to
expand/shrink more easily in the samples where the collagen
network integrity was compromised.
When the structure of the samples was studied in detail, FTIR
and PLM analyses revealed that the enzymatic treatment had
reduced significantly the collagen content in the top 10 % of the
cartilage thickness, and that the collagen network was fibrillated
in the superficial layer. These results further reinforce the
putative explanation for the difference seen in the chondrocyte
behavior between intact and degraded cartilage, i.e., the
collagen content and integrity of the collagen fibril network
probably contributed to cell biomechanics.
Based on the current results, it is postulated that the recovery
in the cell volume after the initial swelling following hypotonic
loading may have been partially restricted by the ECM/PCM in
intact samples. One possible explanation could be that since cell
membrane receptors, e.g., integrins [158, 159], are physically
attached to the ECM/PCM, and osmotic loading is known to
result in swelling of the ECM which can last for hours [133, 200],
these physical connections may restrict or slow down
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chondrocytes to regain their original volumes. This is supported
by the finding that the PG content was found to correlate
positively with the change in the cell volume in intact cartilage,
indicating that elevated swelling pressure caused by the PGs
may increase tissue swelling and prevent at least partly the cell
volume recovery. On the contrary, in cartilage explants and
degraded cartilage, these physical connections might be weaker,
and consequently volume regulation would happen easier or
faster. This is supported by a former study where the structure
of the ECM was found to affect the expression of the adhesive
integrins [159].
8.2 CHONDROCYTE RESPONSE TO MECHANICAL LOADING
The chondrocyte response to mechanical indentation loading
was  found  to  be  significantly  different  in  the  ACLT  joint
cartilage compared to the contralateral joint cartilage.
Chondrocyte volume increased in the ACLT cartilage, while it
decreased in the contralateral cartilage following mechanical
loading. The morphological analysis revealed that the difference
in the behavior was due to the significantly larger changes in the
cell dimensions parallel to the cartilage surface in the ACLT
group compared to the contralateral group. Interestingly, cells
in the contralateral group were compressed significantly more
than those in the ACLT group, and at the same time the
horizontal changes were smaller. These results are similar to a
previous study, where chondrocyte volumes were also found to
increase following mechanical compression 9 weeks after ACLT,
and cells in normal cartilage were found to decrease in volume
[134]. The detailed structural and FE analysis revealed that the
decrease in the amount of FCD of the tissue and PCM and the
orientation  and  stiffness  of  the  collagen  fibers  in  the  ECM
primarily explained the changed cell volumetric behavior in
early OA.
As a result of the ACLT, structural and compositional
changes occurred in the patellar cartilage. While the amount of
Siru Turunen: Osmotic and mechanical loading of chondrocytes in situ
56 Dissertations in Forestry and Natural Sciences No 103
collagen  was  found  to  be  similar  in  both  the  ACLT  and
contralateral groups, the collagen orientation in the superficial
cartilage became more perpendicular to the surface as compared
to contralateral cartilage. In addition, the amount of PGs was
reduced in the ACLT group. Despite the clear changes in the
structure of the ACLT joint cartilage, the mechanical properties
of the tissue were not significantly altered. Although the
Young’s  modulus  was  almost  30  % smaller  in  the  ACLT group
compared to the contralateral group, and the global and local
tissue strains were elevated in the operated knee cartilage, these
changes were not statistically significant. While the observed
structural and mechanical changes in the ECM might have some
effect on chondrocyte biomechanics, the used FE model revealed
that these changes alone could not account for the
experimentally observed alterations in chondrocyte behavior.
The FE model showed that the increased global and local
ECM strains were due to fibrillation of the collagen network,
reducing the collagen fibril network stiffness. Thus, cells in the
fibrillated cartilage can expand more easily in parallel to the
cartilage surface, while in the contralateral cartilage, the intact
collagen network effectively restricts the horizontal expansion of
the  cells.  The  decrease  in  the  amount  of  FCDs  in  the  PCM
resulted in a decrease in the swelling pressure in the PCM [34,
105]. This alteration resulted in reduced compressive modulus
of the PCM, thus, the protective role of the PCM was diminished
and the cells were able to increase in volume even more.
8.3 LIMITATIONS AND FUTURE PROSPECTS
In this thesis, intact cartilage samples with bone attached were
primarily used. However, currently in many studies, cartilage
explants are still needed, such as for the measurement of middle
and deep zone cells. In order to clarify the usefulness of the
explants, the threshold value (distance from the cut surface)
after which the cells in explants begin to behave similarly to
those in intact cartilage should be determined. Furthermore, in
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the future the utilization of dual-photon microscope [175] for
imaging middle and deep zone chondrocytes through intact
cartilage surfaces should be enhanced and improved.
There was a significant difference detected in chondrocyte
biomechanics between intact and degraded samples (collagen
degradation). There was also a significant difference in cell
biomechanical behavior between ACLT and contralateral
cartilage. Although the structure and composition of the ECM
was analyzed in the present studies, local structural properties
of cartilage in the vicinity of cells, especially in the PCM, and
their relation to chondrocyte biomechanical behavior could
indicate the altered cell responses in more detail. The structure
of the collagen network in the PCM could be analyzed with
nano- and microscale techniques, such as transmission electron
microscopy (TEM) and scanning electron microscopy (SEM),
respectively [201, 202]. Immunostaining combined with confocal
laser scanning could be utilized for studying, e.g., the type VI
collagen distribution in the PCM [203]. The PG content of the
PCM could be quantified with DD [151], histochemistry [204] or
immunolabeling combined with fluorescence microscopy [205].
In addition to local structural properties, the determination of
local material properties around cells would also be one way to
obtain more detailed explanations behind changed cell
biomechanics in diseased or degraded cartilage. Those
properties could be studied with nanoindentation e.g. by using
atomic force microscopy (AFM) [206]. With AFM-based
methods, one can obtain detailed information on the material
properties of the collagen fibers [207], spatially varying tissue
material properties [208, 209], and even the mechanics of single
molecules [210, 211]. In addition, microaspiration could be used
for revealing the mechanical properties of chondrons [155].
It was surprising that in an earlier study where cell responses
were measured 9 weeks after ACLT [134], the cells swelled less
under mechanical loading compared to those cells measured in
this thesis 4 weeks after ACLT. This could be related to an
attempt to repair cartilage, which is supported by the study of
Papaioannou et al. (2004) [212], where a repair phase from 8-16
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weeks after ACLT was discovered. In both of the studies, the
primary explanations for the altered cell deformation behavior
were the reduced PG content and increased collagen fibrillation
of the ECM. A better explanation for the amplified cell volume
increase in the 4 week ACLT group could again be found by
analyzing the local structural and material properties of the
PCM.
In the present thesis, only collagen was degraded
enzymatically. This was intentional because based on some
recent earlier studies [133, 149] the collagen network was
hypothesized to primarily modulate cell responses. There are no
experimental studies analyzing the specific effect of degradation
of PGs on cell biomechanics, nor are there studies where the
combined effect of the collagen and PG degradation would have
been revealed. Thus, this kind of study should be conducted in
the future. Either enzymatic digestion (e.g., chondroitinase ABC
and collagenase together or trypsin) or a physicochemically
induced model of OA (natural digestion of the matrix with the
help of interleukin-1) could then be used.
For practical reasons the samples in studies I and II had to be
frozen and thawed before structural and compositional
measurements. One could argue that freezing could have
affected the results and have a different impact on intact
cartilage samples and cartilage explants. In previous studies, the
effect of freezing-thawing on the material properties of cartilage
tissue was analyzed, and not found to have any significant
effects on them [213, 214]. On the other hand, the intracellular
structure of chondrocytes in situ [215] and cell membrane [216]
have been reported to be affected by freezing-thawing, however,
the ultrastructure of the ECM was not found to change [215,
216]. Based on the studies by Zheng et al. (2009) [217] and
Laouar et al. (2007) [218], there might be some loss of GAGs due
to freezing, but in contrast, Guan et al. (2006) [216] did not
observe any changes in the GAG content. In these previous
studies, different cryopreservation techniques were used, which
further complicates the comparison and interpretation of the
results. Previously, in the study of Kääb et al. (1998) [219] SEM
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did not reveal any significant differences between small excised
samples and whole knee joints of rabbits fixed with a
cryotechnique. Importantly, in study I (the only study where
explants and intact tissues were compared), the structural data
(collagen and PG content) was analyzed from whole samples
only (and correlated with cell volumes of the intact samples), i.e.
in  that  study  the  possible  difference  in  tissue  boundaries
(explants, intact) could not affect the results. Furthermore,
cartilage  tissues  with  cut  surfaces  were  not  used  in  study  II.
Nonetheless, in the future, changes in the local structure of
cartilage and in the local material properties due to freezing-
thawing  should  be  studied  in  detail  e.g.  utilizing  TEM or  SEM
and nanoindentation, respectively.
In the future, engineered cartilage could serve as an
interesting platform to study the effect of modified cartilage on
chondrocyte biomechanical properties in a controlled manner.
In addition, our methods could also help to define the quality of
engineered cartilage, and provide a method for comparing it
with normal articular cartilage. More specifically, the
biomechanical behavior of the chondrocytes seeded into the
engineered cartilage scaffolds could be measured. This would
provide detailed information about the quality of the engineered
cartilage in terms of cell responses.
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9 Summary and
conclusions
This thesis investigated the effect of the structure and
composition of the ECM and PCM on chondrocyte
biomechanics. Chondrocyte volume and morphology in bovine
and rabbit cartilages before and after osmotic and mechanical
loading were analyzed with confocal and dual-photon laser
scanning microscopy, respectively. The effect of sample integrity
(sample preparation), collagen degradation (enzymatic
treatment) and degeneration of cartilage in early OA (rabbit
ACLT model) on chondrocyte behavior were studied in detail.
Collagen content, collagen orientation angle and PG content
were analyzed with FTIR, PLM and DD. FE modeling was
utilized in order to find the detailed explanations behind the
observed cell level phenomena occurring in early OA.
The main conclusions can be summarized as follows:
1. Chondrocyte volume and morphology following hypotonic
loading is different in cartilage explants and intact cartilage.
2. Enzymatically induced collagen degradation, modulating
the collagen content and collagen fibril orientation in
cartilage, alters cell volume and morphology following
hypotonic loading.
3. Experimentally-induced very early stage of OA results in
superficial collagen fibrillation and a reduction in the PG
content, and this alters the biomechanical response of the
chondrocytes to mechanical loading.
4. The loss of FCD in the PCM and the fibrillation of the
superficial ECM in very early stage of experimentally-
induced OA explain the increase in the cell volume
following mechanical loading of cartilage.
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Changes in cell volume and morphology have been earlier
proposed to be related to altered cell biosynthesis and viability
[72, 75, 220], alterations which may lead to further changes in
cartilage structure and accelerate cartilage degeneration. Thus, it
is of major importance to improve the knowledge of cellular
responses and cell-tissue interactions in normal and
degenerated cartilage in order to develop methods for detecting
these alterations at a very early stage and to create novel
strategies to slow down, stop or even reverse the progression of
OA.
9.1 NEXT STEPS TOWARD BETTER UNDERSTANDING OF
CARTILAGE MECHANOTRANSDUCTION
In this thesis, chondrocyte biomechanics was analyzed primarily
in situ at steady state. This is important for understanding cell
biomechanical behavior in disease and under static loading. The
next steps should be to conduct measurements in situ or close to
in vivo using intact joints and dynamic loading [21, 150]. This
could provide a more realistic depiction of the cell responses in
a more physiological environment and loading, for instance
simulating walking. Furthermore, in the future, biomechanical
responses of cells and their alterations in health and disease
should be linked to the biological responses of the chondrocytes.
This could clarify the importance of the morphological and
volumetrical parameters of cells on cartilage
mechanotransduction and progression of OA. Ultimately, this
kind of information would be crucial for incorporation into
adaptive computational models of cartilage permitting
prediction of the progression of OA in a patient.
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Siru Turunen
Osmotic and Mechanical
Loading of Chondrocytes in Situ
Effect of the Extracellular and Pericellular Matrix on
Cell Volume and Morphology
Changed chondrocyte deformations in 
articular cartilage are thought to be related 
to changed cell biosynthesis and viability; 
alterations which may lead to and accelerate 
the progression of osteoarthritis (OA). How-
ever, it is not known whether the structural 
changes of cartilage in early OA are concur-
rent with the changes in the biomechanical 
responses of chondrocytes. The aim of this 
thesis was to reveal how the structure and 
composition of the extra- and pericellular 
matrices of cartilage affect chondrocyte 
volume and morphology under osmotic and 
mechanical loading of the tissue. By under-
standing chondrocyte behavior in situ/in 
vivo it might be possible to devise strategies 
to slow down, stop or even reverse the devel-
opment of OA. 
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